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species	in	the	Yangtze	Estuary	(Coilia mystus,	Hypoatherina valenciennei,	Larimichthys 
polyactis,	 Salanx ariakensis and Chelidonichthys spinosus).	 Then,	 we	 projected	 their	
habitat	suitability	under	present	and	future	climate	conditions.
Results: The	ensemble	SDMs	had	good	predictive	performance	and	were	successful	
in	estimating	 the	known	distributions	of	 the	 five	 species.	Model	projections	high‐





climate	changes.	These	projected	different	 responses	seemingly	 reflect	 the	differ‐
ential	functional	attributes	and	life‐history	strategies	of	these	species.	To	the	extent	
that	climate	change	emerges	as	a	critical	driver	of	 the	 future	distribution	of	 these	
species,	our	findings	provide	an	important	roadmap	for	designing	future	conserva‐
tion	strategies	for	ichthyoplankton	in	this	region.
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1  | INTRODUC TION
Ocean	 warming	 has	 been	 observed	 in	 a	 variety	 of	 marine	 eco‐
systems	 and	 can	 influence	 organisms	 therein	 in	 many	 different	
ways,	 such	 as	 causing	 changes	 in	 geographical	 ranges,	 phenol‐
ogy	and	species	 interactions	 (Belkin,	2009;	Cheung	et	al.,	2009;	
Doney	et	 al.,	 2012;	Poloczanska	 et	 al.,	 2016;	Rhein	 et	 al.,	 2014;	
Vergés	et	al.,	2016;	Walsh,	Richardson,	Marancik,	&	Hare,	2015).	
Ichthyoplankton,	comprising	fish	eggs,	larvae	and	juveniles,	plays	
an	 essential	 role	 in	 the	 recruitment	 success,	 temporal	 and	 spa‐
tial	variations	of	fish	populations,	as	well	as	in	marine	food	webs	




stages	 should	 be	 more	 sensitive	 to	 future	 climate	 change	 than	




to	 their	overall	 abundance	and	general	distribution	 (Asch,	2015;	
Edwards	&	Richardson,	2004;	Hsieh,	Kim,	Watson,	Di	Lorenzo,	&	
Sugihara,	2009;	Hsieh,	Reiss,	Hewitt,	&	Sugihara,	2008;	Pankhurst	
&	Munday,	 2011;	Walsh	 et	 al.,	 2015).	 For	 instance,	 it	 has	 been	





that	 climate	 change	 has	 led	 to	 substantial	 changes	 in	 their	 dis‐
tribution	and	abundance	 in	Southern	California.	Considering	 the	
ecological	 importance	 of	 ichthyoplankton	 in	 marine	 ecosystems	
and	the	severity	of	climate	change	impacts	therein,	it	is	of	utmost	
importance	 to	 understand	 how	 future	 climate	 change	will	 influ‐
ence	ichthyoplankton	for	the	purpose	of	better	protecting	marine	
fisheries	resources	(Richardson,	2008;	Robinson	et	al.,	2011).
Species	 distribution	 models	 (SDMs)	 can	 evaluate	 habitat	 suit‐






2018),	 subterranean	 (Mammola,	 Goodacre,	 &	 Isaia,	 2018),	 fresh‐
water	 (Capinha,	 Leung,	 &	 Anastácio,	 2011)	 and	 marine	 species	
(Robinson	et	al.,	2011).	Future	maps	of	habitat	suitability	based	on	
these	models	can	effectively	be	used	to	make	inference‐based	de‐
cisions	 about	 conservation	 strategies,	 especially	 for	 designing	 fu‐
ture	areas	of	conservation	and,	ultimately,	for	the	purpose	of	better	
protecting	 and	 managing	 marine	 fisheries	 resources	 (Robinson	 et	
al.,	2011).	Thus	far,	the	majority	of	SDMs	applied	to	marine	ecosys‐










tial	 climate‐induced	 changes	 in	 their	 habitat	 suitability.	 As	 the	
largest	 estuary	 in	China,	 the	Yangtze	Estuary	provides	 a	 variety	
of	 important	 ecosystem	 services,	 including	 spawning,	 nursery	
and	foraging	habitat	for	a	wide	range	of	fisheries	species	 (Luo	&	
Shen,	 1994).	 This	 estuary	 represents	 a	 coherent	 biogeographic	
F I G U R E  1  Sampling	location	in	the	present	study.	Sampling	stations	1–34	and	station	40	are	in	the	open	sea;	sampling	stations	35–39	
are	in	the	river
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area	that	can	be	used	as	a	semi‐closed	model	system	in	which	to	







may	 cause	 northward	 distributional	 shifts	 of	 ichthyoplankton	 in	
the	Yangtze	Estuary.	The	projections	provided	by	this	study	have	
important	 implications	 for	 conservation	 of	 the	 ichthyoplankton	
resources	in	the	Yangtze	Estuary.
2  | MATERIAL S AND METHODS
2.1 | Ichthyoplankton sampling
We	 focused	 our	 SDM	 study	 on	 five	 abundant	 ichthyoplankton	
species	 occurring	 in	 the	 Yangtze	 Estuary	 (30.75°N	 to	 32.00°N,	
121.00°E	to	123.33°):	Coilia mystus	 (Linnaeus,	1758)	 (Engraulidae),	
Hypoatherina valenciennei	(Bleeker,	1854)	(Atherinidae),	Larimichthys 
polyactis	 (Bleeker,	1877)	(Sciaenidae),	Salanx ariakensis	 (Kishinouye,	
1902)	 (Salangidae)	and	Chelidonichthys spinosus	 (McClelland,	1844)	
(Triglidae).	Coilia mystus	is	an	estuarine	migratory	and	commercially	
important	fish	in	the	Yangtze	Estuary	which	inhabits	China's	Pacific	
coastal	 waters	 from	Hainan	 province	 to	 Liaoning	 province	 (He	 et	




one	of	 the	 target	 species	 of	 bottom	 trawling	 (Li,	 Shan,	 Jin,	&	Dai,	








Forty	 sampling	 stations	 (five	 stations	 within	 the	 river	 and	
thirty‐five	outside	the	river	mouth)	were	established	in	the	Yangtze	
Estuary	and	monitored	between	1999	and	2013	(05/1999,	05/2001,	






of	~	0.5	m	 for	10	min	against	 the	 tidal	 flow,	at	 a	 towing	 speed	of	


















and	 range	of	 sea	 surface	 current	 velocity,	 annual	mean	and	 range	
of	sea	surface	dissolved	oxygen,	and	annual	mean	and	range	of	sea	
surface	primary	productivity.	All	predictors	were	obtained	from	the	
Bio‐ORACLE	 v2.0	 dataset	 (http://www.bio‐oracle.org;	Assis	 et	 al.,	






(r),	 using	 an	 |r|	 >	 0.70	 to	 cull	 collinear	 predictors	 (Dormann	 et	 al.,	


















duce	 uncertainties	 associated	 with	 single	 modelling	 algorithms	




artificial	 neural	 network	 (ANN),	 classification	 tree	 analysis	 (CTA),	
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flexible	 discriminant	 analysis	 (FDA),	 generalized	 additive	 model	
(GAM),	generalized	boosting	model	(GBM),	generalized	linear	model	
(GLM),	multiple	 adaptive	 regression	 splines	 (MARS),	maximum	en‐
tropy	(Maxent),	random	forest	(RF)	and	surface	range	envelop	(SRE).	
We	fitted	these	ten	algorithms	with	their	default	parameters	using	
the	 package	 biomod2	 (Thuiller,	 Georges,	 &	 Engler,	 2014)	 in	 the	 R	
















Relative	 importance	of	 the	 four	 explanatory	 variables	was	 de‐


















3.1 | Model performances and the importance of 
explanatory variables
Predictive	 performances	 of	 the	 ten	modelling	 algorithms	 varied	
depending	on	the	 ichthyoplankton	species	considered	(Figure	2).	
Four	of	the	modelling	algorithms,	namely	GBM,	GLM,	MARS	and	
Maxent,	 shared	 a	 good	 predictive	 capacity	 for	 all	 five	 ichthyo‐
plankton	 species	 (Figure	 2);	 these	 four	 algorithms	were	 used	 to	
estimate	 relative	 importance	 of	 the	 predictors	 and	 to	 map	 ich‐
thyoplankton	habitat	suitability.	Predictive	powers	of	the	four	se‐
lected	algorithms	were	highest	 for	C. mystus	 (Figure	2).	The	TSS	
and	AUC	scores	of	ensemble	models	for	the	five	ichthyoplankton	
species	attested	good	predictive	performances,	with	values	of	TSS	
















for	C. mystus,	annual	mean	temperature	for	H. valenciennei,	L. po-
lyactis and S. ariakensis,	and	annual	current	velocity	for	C. spinosus 
(Table	2).	Response	curves	indicated	that	the	five	ichthyoplankton	
species	 have	 overall	 similar	 environmental	 requirements	 except	
C. mystus,	preferring	near	shore	and	low	salinity	habitats	(Figures	
S2–S5).





suitable	 areas	 for	 H. valenciennei,	 L. polyactis and S. ariakensis 
were	relatively	larger	than	the	areas	for	C. mystus and C. spinosus 
(Figure	3).	The	species	C. mystus	is	predicted	to	have	high	habitat	
suitability	 close	 to	 the	mouth	 of	 the	Yangtze	 Estuary,	while	 the	
other	 four	 species	 are	 expected	 to	 have	 high	 habitat	 suitability	
in	the	inner	estuary	(Figure	3).	The	ensemble	of	SDM	projections	
suggested	 that	 future	 climate	 scenarios	 will	 have	 different	 im‐
pacts	on	habitat	 suitability	 for	 the	 five	 ichthyoplankton	 species:	
C. mystus	 was	 consistently	 projected	 to	 expand	 its	 range	 under	
future	climates,	while	distributions	of	 the	other	four	species	will	
likely	contract	 in	 the	 future	 (Table	3).	Given	 the	 identical	 trends	
in	changes	of	habitat	suitability	under	the	four	different	emission	
scenarios	(Table	3),	projections	under	the	RCP45	scenario—a	mid‐
range	 emission	 scenario—were	 displayed	 to	 show	 the	 potential	
climate	change	impact	on	the	distributions	of	the	ichthyoplankton	
species.
Projected	 changes	 in	 occurrence	 probability	 of	 the	 ichthyo‐
plankton	species	suggest	that,	among	the	five	species	tested	here,	
there	 will	 likely	 be	 two	 different	 responses	 to	 climate	 change	 in	




in	 addition	 to	 their	 range	 contractions,	 the	other	 four	 species	 are	
predicted	to	shift	their	distributions	northward	in	response	to	future	
climate	 change,	 meanwhile	 losing	 suitable	 habitats	 in	 the	 current	














The	 ecological	 importance	 of	 ichthyoplankton	 to	marine	 eco‐
systems	 is	 widely	 recognized,	 as	 well	 as	 their	 great	 vulnerability	
to	 climate	 change	 (Asch,	 2015;	Hsieh	 et	 al.,	 2009;	Hunter,	 1981;	








TA B L E  1  Occurrence	records	used	to	develop	species	
distribution	models	(SDMs)	for	each	ichthyoplankton	species	and	
predictive	abilities	of	ensemble	SDMs
Species No. records TSS AUC
C. mystus 15 0.873	±	0.013 0.945	±	0.005
H. valenciennei 32 0.672	±	0.017 0.883	±	0.006
L. polyactis 34 0.653	±	0.015 0.865	±	0.005
S. ariakensis 26 0.651	±	0.019 0.867	±	0.009




Species Distance to shore Current velocity Salinity Temperature
C. mystus 0.254	±	0.024 0.377	±	0.029 0.588	±	0.028 0.344	±	0.047
H. valenciennei 0.382	±	0.017 0.279	±	0.014 0.241	±	0.021 0.470	±	0.021
L. polyactis 0.504	±	0.021 0.109	±	0.012 0.287	±	0.020 0.536	±	0.023
S. ariakensis 0.355	±	0.019 0.271	±	0.019 0.201	±	0.023 0.470	±	0.025
C. spinosus 0.301	±	0.032 0.415	±	0.021 0.140	±	0.026 0.309	±	0.033
Note: Results	are	expressed	as	mean	±	standard	error.
TA B L E  2  Relative	importance	of	four	
predictor	variables	used	to	model	the	
distribution	of	our	model	species






are	 synthesized,	 is	 typically	 used	 to	minimize	 these	 uncertainties	
(Araújo	&	New,	2007;	Guisan	et	al.,	2017;	Thuiller	et	al.,	2019).	 In	
our	case,	the	ensemble	SDMs	for	five	ichthyoplankton	species	ex‐





at	 least	 two	 limitations.	First,	we	should	notice	 that	 in	addition	 to	
environmental	 variables,	 other	 factors	 including	 species	 disper‐




is	 difficult	 to	 obtain	 precise	 estimation	of	 ichthyoplankton	disper‐
sal	potential.	As	a	result,	we	assumed	no	dispersal	 limitation	when	
estimating	 ichthyoplankton	 habitat	 suitability.	 We	 acknowledge	
that	 this	 assumption	 may	 lead	 to	 overestimation	 of	 future	 shifts	
(see	Boulangeat,	Gravel,	&	Thuiller,	2012;	Václavík	&	Meentemeyer,	
F I G U R E  3  Habitat	suitability	of	five	ichthyoplankton	species	under	present	climate	conditions.	Black	dots	represent	occurrence	records
Species Period RCP26 RCP45 RCP60 RCP85
C. mystus 2050s 73.8 72.6 8.3 67.9
2100s 67.9 106 108.3 60.7
H. valenciennei 2050s −75.3 −71 −52.3 −92.5
2100s −56.6 −96.4 −100 −100
L. polyactis 2050s −57.5 −53.7 −46.3 −78
2100s −48.6 −96.9 −100 −100
S. ariakensis 2050s −50.4 −51.7 −36.4 −72
2100s −41.3 −76.9 −100 −100
C. spinosus 2050s −78.4 −73.4 −54.7 −89.2
2100s −74.1 −92.1 −91.4 −92.8
Note: RCP,	Representative	Concentration	Pathway.	2050s:	average	of	2040–2050;	2100s:	average	
of	2090–2100.
TA B L E  3  Projected	range	size	change	
(%)	of	five	ichthyoplankton	species	under	
future	climate	scenarios
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2009).	 Second,	 long‐term	 ichthyoplankton	 survey	 in	 the	 Yangtze	








species,	especially	C. mystus and L. polyactis,	are	important	fisheries	
resources	and	play	an	important	role	in	the	food	web	in	the	Yangtze	
Estuary.	According	to	previous	surveys,	ichthyoplankton	of	the	five	
species	 are	 abundant	 in	 the	 Yangtze	 Estuary	 (Zhang	 et	 al.,	 2015,	







their	 distribution	 northward.	 The	 projection	 for	H. valenciennei,	 L. 
polyactis,	S. ariakensis and C. spinosus	provided	support	for	our	initial	
hypothesis.	In	addition	to	range	contraction	and	a	northward	shift,	









pacts	 on	 the	 two	 species	 studied.	 Additionally,	 Van	 Zuiden	 et	 al.	






search	 have	 different	 life‐history	 strategies,	which	may	 account	
for	differences	 in	environmental	 tolerance	and	consequently	ex‐
plain	 the	 different	 projected	 impacts	 of	 climate	 change	on	 their	
distributions.	 Four	 of	 the	 species,	H. valenciennei,	 L. polyactis,	S. 
ariakensis and C. Spinosus,	 spend	 their	 entire	 life	 cycle	 in	marine	
















C. mystus	 is	 most	 basal	 among	 the	 three	 valid	 species	 of	 Coilia 
found	 in	 China;	 thus,	 they	 presumed	 that	C. mystus	 is	 the	 earli‐
est	descendant	of	a	Coilia	ancestor	that	dispersed	from	an	original	
“centre”	into	the	north‐western	Pacific	Ocean.	Furthermore,	they	
speculated	 that	C. nasus and C. grayii	 diverged	ecologically	 from	
C. mystus	by	adapting	to	coldwater	and	warmwater	environments.	
The	molecular	work	would	support	our	SDM	projections	that	the	
response	 pattern	 of	C. mystus	 to	 future	 climate	 change	 is	 range	



































Climate	 change‐induced	 range	 shifts	 of	 marine	 species	 have	
been	 frequently	 reported,	 and	 many	 researchers	 have	 recom‐








total	 ichthyoplankton	 resource	 in	 this	area.	Adaptive	conservation	
strategies	should	take	our	findings	 into	account.	A	summer	fishing	
moratorium	in	the	Yangtze	Estuary	has	been	imposed	by	the	Chinese	





addition,	 species‐specific	 conservation	measures,	 such	 as	 species‐
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